Abstract Bacteriophage Cr30 has proven useful for the transduction of Caulobacter crescentus. Nucleotide sequencing of Cr30 DNA revealed that the Cr30 genome consists of 155,997 bp of DNA that codes for 287 proteins and five tRNAs. In contrast to the 67 % GC content of the host genome, the GC content of the Cr30 genome is only 38 %. This lower GC content causes both the codon usage pattern and the amino acid composition of the Cr30 proteins to be quite different from those of the host bacteria. As a consequence, the Cr30 mRNAs probably are translated at a rate that is slower than the normal rate for host mRNAs. A phylogenetic comparison of the genome indicates that Cr30 is a member of the T4-like family that is most closely related to a new group of T-like phages exemplified by aM12.
Introduction
The availability of low-cost next-generation sequencing techniques has revived interest in the study of bacteriophages, and bacteriophage genomes are accumulating rapidly in the National Center for Biotechnology Information (NCBI) nucleotide sequence database. A large collection of bacteriophages that infect Caulobacter crescentus was isolated 40 years ago by Johnson, Wood, and Ely [17] , and most of these phages resembled CbK, a large bacteriophage with an elongated head and a flexible tail [1] . However, two of these phages, Cr30 and Cr35, were shown to be generalized transducing phage [13] . The availability of a transducing phage focused attention on the development of a system of genetics for C. crescentus, and the large size of the Cr30 phage genome made it possible to construct a rudimentary genetic map of the C. crescentus genome using only transduction as a means of genetic exchange [5, 6] . Therefore, Cr30 quickly became a key element for the genetic analysis of C. crescentus [12] . The remainder of the phages isolated by Johnson, Wood, and Ely [17] were frozen for later use. However, a freezer meltdown occurred and Cr35 and most of the other phages in this collection were lost.
In this study, we determined the nucleotide sequence of the CR30 genome and demonstrated that Cr30 is a T4-like phage. When compared to the T4 family of phage genomes, both the gene order and the amino acid sequences of the proteins they encode are highly conserved. However, the Cr30 genome most closely resembles the recently described genome of aM12 [7] . aM12 is a unique member of the T4 superfamily that infects Sinorhizobium meliloti and is distinct from both major groups of the T4 phage superfamily, the cyanophages and the T4-like phages that infect enteric bacteria (pseudo T4 phages). For example, the aM12 genome contains some genes that are more closely related to those of the T4-like cyanophages and others that are more closely related to those of the pseudo T4 phages that infect enteric bacteria. Consequently, they proposed that aM12 is the first member of a third group of T4-like bacteriophages to have the nucleotide sequence of its genome determined. This study of the Cr30 genome provides a second member of this third group of T4-like phages.
Results and Discussion

Genome Characterization
The nucleotide sequence of the Cr30 genome was assembled into a single contig, and the ends of the contig were trimmed to eliminate redundancy. Although the size of the DNA isolated from Cr30 phage particles is approximately 180,000 bp, the Cr30 genome (accession: NC_025422) consists of only 155,997 bp of DNA, suggesting that the Cr30 genome is packaged by a headful mechanism that incorporates sections of concatenated Cr30 genomes that are approximately 15 % larger than the unit genome. This result is consistent with the observation that Cr30 transducing particles contain nearly 200 kb of DNA [6, 7, 11] . To verify that the CR30 DNA sequence reads were assembled correctly, we analyzed the Cr30 genome sequence and identified two restriction enzymes, SwaI and SpeI, that cut the genome into large pieces. Therefore, agarose plugs containing intact Cr30 DNA were digested separately with each of these enzymes, and the resulting restriction fragments were separated by pulsed-field gel electrophoresis. The SpeI digest produced the expected 81 and 36-Kb fragments, and the SwaI digest produced the expected 26-Kb fragment. The other fragments produced by these digests were either too small to be seen by pulsedfield gel electrophoresis or of variable length due to the headful packaging.
The current annotation of the CR30 genome contains 287 protein coding genes and no transposases or mobile genetic elements. However, it does contain an integrase and a seg-like homing endonuclease. The average GC content of the Cr30 genome is 38 % compared to the 67 % GC content of the C. crescentus host genome. This large difference in genomic GC content and the corresponding difference in codon usage patterns might slow the process of translating phage mRNAs due to the fact that the phage mRNAs contain an abundance of codons that are rarely used by the host. In fact, a slower rate of translation would be consistent with the 90-min eclipse period observed for Cr30 by Ely and Johnson [13] . This eclipse time is about the same as the host doubling time under the same incubation conditions. In contrast, Caulobacter phage CbK has the same genomic GC content and codon usage pattern as its host [14] and has a 40-min eclipse period [13] . Also consistent with this hypothesis is the observation that the gene for the major capsid protein, which would be one of the most abundant proteins produced by the phage, has a GC content of 46.5 % which is much higher than the genome average. Thus, codon usage in this highly expressed gene is skewed toward the codon usage pattern of the host. Similar observations of major capsid genes with GC contents that are closer to those of the host have been made for other phages whose genomes have a different codon usage bias than their hosts [8, 19] .
One way to compensate for differences in codon usage patterns would be to include tRNA genes in the phage genome, and the CR30 genome contains five tRNA genes. Three of these tRNA genes produce tRNAs that recognize codons (CCA, AGA, and GGA) that are used infrequently by the C. crescentus host. However, the other two tRNAs recognize either AUG or AAC codons which are used frequently by C. crescentus. Thus, the tRNAs produced by the Cr30 genome could improve the translation efficiency of only three of the 13 codons that are used at much higher frequencies by Cr30 than by the host bacterium, and again the data are consistent with a slower rate of Cr30 mRNA translation. For example, the least used codon in the host genome is the leucine codon TTA (0.6 times per 1000 codons). In the Cr30 genome, TTA is used at a 25-fold higher frequency (15 per 1000), and it is used more frequently than the two leucine codons that are used most frequently by the NA1000 host bacteria. In fact as predicted by the codon usage analysis of Lightfield et al. [18] , amino acids such as isoleucine, tyrosine, phenylalanine, asparagine, and lysine that are coded by AT-rich codons are present at nearly twice the frequencies in Cr30 proteins than they are in NA1000 proteins, and the converse is also true. Amino acids such as glycine, alanine, and proline that are coded by GC-rich codons are present at about half the frequencies in Cr30 proteins than they are in NA1000 proteins. Thus, both the codon usage pattern and the differences in the amino acid composition of the Cr30 proteins are likely to result in a slower rate of translation of Cr30 mRNAs.
This slow rate of translation may actually be beneficial to Cr30 since it is a lytic phage. If the phage were too efficient at replicating inside of its host, it might quickly eliminate all of the host bacteria in its environment leading to its own local extinction. In this context, Ardissone et al. [3] showed that the presence of a capsule protects cells in the stalked phase of the C. crescentus cell cycle against Cr30 infection and contributes to the relatively slow adsorption rate observed by Ely and Johnson [13] . Since the mature stalked cells are the only cells capable of replication and division, their resistance to Cr30 infection would help ensure their survival while providing a constant source of immature swarmer cells that could serve as Cr30 hosts. A similar strategy is employed by the Caulobacter phage CbK which can only infect swarmer cells since it attaches via the flagellum and pili [16] that are present only in swarmer cells or predivisional cells that are about to divide. Thus, the stalked cells are immune to CbK infection, but they continually produce a susceptible daughter cell.
Phylogenetic Comparison
Protein BLAST comparisons [2] of individual CR30 genes to the GenBank database indicated a high degree of similarity to the T4-like phages that infect the marine photosynthetic bacterial genera Synechococcus and Prochlorococcus. However, the best matches tended to be to genes of the recently characterized T4-like aM12 phage that infects S. meliloti, with most amino acid identities ranging from 35 to 45 % [7] . Like aM12, Cr30 does not have the photosynthetic genes or phosphate metabolism genes that are often associated with the marine cyanophages [15, 29] . However, when the amino acid sequences of the 33 T4-like core genes were compared across 14 representative T4-superfamily genomes, the concatenated Cr30 and aM12 genes formed a monophyletic group that was more closely related to the cyanophage genomes than to the pseudo T4 group of phage genomes (Fig. 1) . Brewer et al. [7] showed that the aM12 gp20 protein grouped with those of a large number of uncultured phages that were separate from the major two groups of T4-superfamily phages and suggested that aM12 may represent a third group of phages within the T4-superfamily. Thus, Cr30 may be considered a second member of this new group of phages even though the genomes of the two phages are more divergent than those of any two members of the cyanophage or the pseudo T4 groups. Since aM12 and Cr30 both infect Alphaproteobacteria, this third group of T4-like phages may comprise those that infect alphaproteobacterial hosts. However, two other genomes of T4-like phage that infect alphaproteobacterial hosts, Pelagibacter phage HTVC008M [31] and Sphingomonas phage PAU [25] , have been sequenced, and neither is closely related to Cr30 or aM12.
An alignment of the Cr30 genome with the T4 core genes of aM12 shows that the order of the genes that code for the structural proteins and DNA replication machinery is highly conserved (Fig. 2) . One exception is a cluster of three genes (gp41, uvsX, and gp43) located upstream of the regA and gp62 genes in the aM12 genome as well as in the genomes of T4 and several other T4-like cyanophages that infect Synechococcus and Prochlorococcus [7] . In the Cr30 genome, this cluster is located between the gp33 and the rnh genes, and in contrast to most of the other core genes, Fig. 1 A phylogenetic tree based on T4-like phage core gene amino acid sequences. Phages P-HM2, P-SSM2, and P-SSM4 were isolated using Prochlorococcus sp. as the host, while phages S-PM2, S-ShM2, and syn9 were isolated using Synechococcus sp. as the host [20, [28] [29] [30] . Cr30 infects Caulobacter crescentus [17] . PhiM12 infects Sinorhizobium meliloti [7] . Phage KVP40 infects Vibrio parahaemolyticus [21] . Phage Aeh1 infects Aeromonas hydrophila [23] . Phages T4, RB43, and RB49 infect Escherichia coli [22, 23] . Phage 25 infects Aeromonas salmonicida [24] these three Cr30 genes code for proteins that are more similar to the corresponding gene products of other T4-like phages than they are to the aM12 proteins. Thus, these three genes may have been acquired from another T4-like phage genome, so that they have a different phylogenetic history from the rest of the Cr30 genome. The Cr30 genome also differs from the aM12 genome in that it contains a gp2 gene where gp4 is located in the aM12 genome and it contains the nrdAB genes that are present in most T4-like phages but are absent from the aM12 genome. In addition, the CR30 genome does not contain the nrdC or nrdJ genes which are present in the aM12 genome. Thus, there are substantial differences in the gene content of the Cr30 genome even though the gene order is highly conserved when compared to that of the aM12 genome.
Methods
Cr30 phage lysates were prepared as described by Ely and Johnson [13] . Cr30 DNA was isolated using a standard phenol/chloroform/isoamyl alcohol procedure. The Cr30 genome was sequenced with 454 life sciences sequencing technology that resulted in 1800X coverage with an average read length of 209 bases. The resulting sequence information was assembled de novo into a single contig using the DNASTAR's Lasergene Genomics Suite (DNASTAR, Inc, Madison, USA). The Cr30 genome was annotated using RAST [4] and checked with MiCheck [9] . Manual corrections to the annotation were performed in Artemis [26] . Cr30 tRNA genes were identified using tRNAscan-SE [27] .
Agarose plugs containing Cr30 DNA for PFGE were generated using the protocol of Dingwall et al. [10] . Restriction digests using the SpeI and SwaI enzymes were performed for 4 h according to the manufacturer's directions. Pulsed-field gel electrophoresis was performed in a 1 % agarose gel [1.5 g pulsed-field gel agarose and 150 mL 1X SBA (35 mM Boric Acid, 10 mM NaOH, pH 8.5)].
